Trees experience low apoplastic water potential frequently in most environments. Low apoplastic water potential increases the risk of embolism formation in xylem conduits and creates dehydration stress for the living cells. We studied the magnitude and rate of xylem diameter change in response to decreasing apoplastic water potential and the role of living parenchyma cells in it to better understand xylem diameter changes in different environmental conditions. We compared responses of control and heatinjured xylem of Pinus sylvestris (L.) and Populus tremula (L.) branches to decreasing apoplastic water potential created by osmotic stress, desiccation and freezing. It was shown that xylem in control branches shrank more in response to decreasing apoplastic water potential in comparison with the samples that were preheated to damage living xylem parenchyma. By manipulating the osmotic pressure of the xylem sap, we observed xylem shrinkage due to decreasing apoplastic water potential even in the absence of water tension within the conduits. These results indicate that decreasing apoplastic water potential led to withdrawal of intracellular water from the xylem parenchyma, causing tissue shrinkage. The amount of xylem shrinkage per decrease in apoplastic water potential was higher during osmotic stress or desiccation compared with freezing. During desiccation, xylem diameter shrinkage involved both dehydration-related shrinkage of xylem parenchyma and water tension-induced shrinkage of conduits, whereas dehydration-related shrinkage of xylem parenchyma was accompanied by swelling of apoplastic ice during freezing. It was also shown that the exchange of water between symplast and apoplast within xylem is clearly faster than previously reported between the phloem and the xylem. Time constant of xylem shrinkage was 40 and 2 times higher during osmotic stress than during freezing stress in P. sylvestris and P. tremula, respectively. Finally, it was concluded that the amount of water stored in the xylem parenchyma is an important reservoir for trees to buffer daily fluctuations in water relations.
Introduction
Trees experience low apoplastic water potential frequently in most environments. By apoplast, we refer to the space outside the cell plasma membrane in xylem, formed by cell walls and other extracellular spaces including conduits. The apoplastic space facilitates, e.g., the transport of water. Low apoplastic water potential is typically created due to the lack of water in the soil and/or high transpiration rates during summer, and by apoplastic ice during winter as water potential over ice decreases 1.16 MPa per 1°C decrease in ice temperature (Rajashekar and Burke 1982) . Low apoplastic water potential increases the risk of embolism formation and blockage of water transport during the summer (e.g. Tyree 1988, Tyree and Sperry 1989) , but another consequence of low apoplastic water potential is dehydration stress experienced by the living cells.
In addition to dead conduits responsible for water transport, xylem tissue contains~6% and 12% living parenchyma of its volume in Pinus and Populus species, respectively (Spicer 2014) . There are three types of parenchyma within xylem: parenchyma in wood rays, longitudinal wood parenchyma and parenchyma in resin ducts of conifers. During desiccation and freezing stress, living parenchyma cells experience low apoplastic (i.e. extracellular) water potential in their surrounding tissue. In ultimate cases, low extracellular water potential leads to loss of turgor and plasmolysis during desiccation stress , Walters et al. 2002 and cell membrane rupture during freezing stress (Steponkus 1984 , Charrier et al. 2013a ) unless the parenchyma cells first freeze intracellularly (e.g. Mazur 1969 , Andrews 1996 , Wolfe and Bryant, 2001 .
Low apoplastic water potential is known to cause shrinkage of xylem diameter during summer, which has been interpreted to signify changes of water tension in xylem conduits (Irvine and Grace 1997 , Perämäki et al. 2001 , Sevanto et al. 2002 , Cermák et al. 2007 , Mencuccini et al. 2013 . Water potential (and thus also dimensional changes) could be expected to have very similar dynamics in xylem conduits and parenchyma cells in these conditions, since transpiration-induced water tension in the xylem conduits leads to dehydration of living tissues (Zweifel et al. 2014) . Rosner et al. (2009) recognized the shrinkage of living xylem parenchyma from the shrinkage of conduits in Picea abies by monitoring xylem diameter changes simultaneously with acoustic emissions and reported that parenchyma began to shrink when most of the tracheids reached a relative water content below fibre saturation.
Xylem diameter in trees is also known to shrink in winter (Zweifel and Häsler 2000 , Sevanto et al. 2006 , Charra-Vaskou et al. 2015 , but it is not yet fully established what mechanisms are behind xylem shrinkage below freezing temperatures. In the elastic living bark, the reversible winter shrinkage has been related to extracellular freezing (Zweifel and Häsler 2000 , Charra-Vaskou et al. 2015 . In extracellular freezing, water is withdrawn from the living cells into the apoplastic spaces due to the difference in water potential between the unfrozen cell sap and apoplastic ice (Burke et al. 1976 ), leading to cell shrinkage. The intracellular solute concentration is increased and thus osmotic potential decreases. This lowers the equilibrium freezing temperature of the cell sap and protects the cells from intracellular freezing (Taiz and Zeiger 2002) . The forming ice may expand into air spaces within the stem causing an increase in pressure (Robson and Petty 1987) and expulsion of gases from the stem (Lintunen et al. 2014 ) during freezing.
Dehydration processes of xylem parenchyma by osmotic stress, desiccation and freezing do not differ intrinsically from each other although the details of the mechanism causing dehydration of living cells vary from one process to another (Siminovitch and Briggs 1953) . Decreasing apoplastic water potential, caused by decreasing osmotic pressure, decreasing xylem hydrostatic pressure or decreasing water potential of ice (Burke et al. 1976 , Levitt 1980 , Siau 1984 , Pearce 1988 , Pearce 2001 , should lead to withdrawal of intracellular water from cell protoplasm and/or vacuole, thus causing cell volume to decrease. Due to the lost water, the intracellular solute concentration increases, restoring the equilibrium in the water potential between the cell and the apoplast (Taiz and Zeiger 2002) . The degree of cell wall shrinkage is greatly affected by the wall thickness (Niklas 1992) ; most of the xylem parenchyma cells are thick-walled in trees and have a high elastic modulus (i.e. low elasticity) compared with parenchyma in general (Harada and Wardrop 1960 , Chafe 1974 , Chafe and Chauret 1974 , Fujikawa et al. 1999 , Donaldson 2001 , Charra-Vaskou et al. 2015 .
The properties of water flow pathway between xylem apoplast and xylem parenchyma are critical for the shrinkage of xylem parenchyma. Hydraulic conductivity between living parenchyma and the apoplast has not been explicitly measured within xylem tissue (Canny 1998 , Hölttä et al. 2006 , although it could have important implications for the ability of the living cells to tolerate dehydration and to refill conduits from embolism (Sakr et al. 2003 , Brodersen et al. 2010 , Nardini et al. 2011 . Theoretically, higher hydraulic conductance between xylem parenchyma and xylem conduits would mean faster flow and embolism refilling rates, provided there exists a driving gradient in water potential.
Our aim was to study the magnitude of xylem diameter change in response to decreasing apoplastic water potential and the role of living parenchyma cells in it. We hypothesized that the living parenchyma cells in the xylem have a major role in xylem diameter changes related to decrease in apoplastic water potential. We tested our hypothesis with cut branches of Pinus sylvestris and Populus tremula by comparing the responses of control and heat-injured xylem to a decrease in apoplastic water potential created by (i) osmotic stress, (ii) desiccation and (iii) freezing. We also determined the rate of water movement from the xylem parenchyma to the xylem apoplast from the dynamics of the xylem diameter change measurements.
Materials and methods

Study material and heating pretreatment
To compare the responses of control and heat-injured xylem of P. sylvestris and P. tremula to decreased apoplastic water potential created by (i) osmotic stress, (ii) desiccation and (iii) freezing, we collected winter-acclimated branch material from mature trees at Helsinki University campus (60°22′N; 25°02′E) during the winters 2012-14. Branches for the osmotic stress experiment were cut on December 2012 and 2013, for the desiccation experiment on February 2012 and for the freezing experiment on February 2012 and March 2014. The branches were wrapped in wet plastic bags in the field and brought immediately to the laboratory. The total number of branch samples was 46 (Table 1) .
One conifer and one angiosperm species were selected for the experiments as the xylem tissue is different in conifers and angiosperms. There is generally more parenchyma in the xylem tissue of angiosperms in comparison with conifers (Spicer 2014) , and the structure of the apoplast is different. The xylem apoplast of conifers is mainly formed of tracheids, with relatively narrow lumen and thick walls. Tracheids are responsible for both transport of water and mechanical support (Tyree and Zimmermann 2002) . Angiosperms have thinner walled vessels with wide lumen, responsible for water transport, and thick-walled fibres with very narrow lumens, for mechanical support (Tyree and Zimmermann 2002) . Due to the presence of fibres, wood density and hardiness are generally higher in angiosperms than in conifers.
Before each experiment, a subsample of branches was heated to 60°C for 1 h in order to damage the living xylem parenchyma. For the heating pretreatment, the samples were wrapped in plastic film and insulation tape to minimize water loss. We expected to see differences in the magnitude of xylem diameter change between intact control samples and heated samples. The dark CO 2 efflux rate, i.e., respiration rate of the samples, was measured for three additional P. sylvestris and P. tremula branches (with bark removed) with a portable gas-exchange measuring system (GFS-3000; Heinz Walz GmbH, Effeltrich, Germany) before and 60 min after the pretreatment to confirm the effect of the pretreatment on the living xylem parenchyma cells. Respiration of the samples decreased in the heating pretreatment on average 75% from 1.
) in P. sylvestris, and 80 % in P. tremula from
), indicating that most but not all of the metabolic activity had ceased. It has been previously demonstrated that heating to 60°C does not damage xylem conduits and does not affect xylem water conductance (Stiller and Sperry 1999) .
Osmotic stress experiment
Osmotic stress was created by forcing a flow of D-mannitol solution through the branch samples. D-Mannitol decreases the osmotic potential of the xylem sap but cannot penetrate the plasma membranes of the living cells as no plasma membrane transporter for mannitol has been found in trees , Steppe et al. 2012 . In this case, no apoplastic water tension is created in the xylem sap that could cause shrinkage of xylem conduits, but a difference in water potential between apoplastic xylem sap and symplastic parenchyma sap is induced. To study the occurrence of the measured diameter changes in the living cells of xylem, we conducted the experiment with control and pretreated branches.
Before the experiment, the branches (~1 cm in diameter) were recut under water to 20-cm-long sections without side branches or foliage. The recut sections were connected to a tubing system supplied with tap water with a hydrostatic pressure head of~1 m (~0.01 MPa), and xylem diameter changes were measured (see Xylem diameter change measurements). When the xylem diameter changes had stabilized after approximately 1 h, the tap water was replaced with 1.0 mol kg
tion. This is osmotically more active than the sap typically found in xylem sap as xylem sap osmolality has been found to vary between 20 and 200 mmol kg −1 in trees during winter (Améglio et al. 2004 , Charrier et al. 2013b . To verify the response of xylem diameter change to the strength of the osmotic stress, we fed D-mannitol solution at two different rates for P. tremula. A lower rate was created by leaving some tap water to the tubing system, leading to a more diluted D-mannitol solution entering the branch first, before becoming concentrated. Xylem sap exiting the branches was sampled during the experiment, and its osmotic concentration was measured with a freezing point osmometer (Osmomat 030; Gonotec GmbH, Berlin, Germany).
Desiccation experiment
The aim was to compare the responses of xylem diameter to decreased apoplastic water potential created by desiccation between control samples and heat-treated samples. Branches were recut under water into three 15-cm-long sections. The three branch sections originating from one branch (except in case of two pine branches where similar section from another branch was used) formed a trio including one control sample, one sample that was pretreated with heating and one extra sample that was used for water potential measurements. The control and pretreated samples were selected to not have any side branches, leaves or needles. The water potential sample always had a small side twig to enable measurements of water potential.
Water was run through all the samples for 1 h with a hydrostatic pressure head of~1 m (~0.01 MPa) in order to flush the 
36 ± 11 MPa 59 ± 20 MPa 249 ± 66 MPa 700 ± 169 MPa
pretreated samples of compounds released from the living cells during the pretreatment and to saturate the branches before the experiment. The experiment was done in ambient room conditions (~20°C and relative humidity at 40%) by allowing all samples to dry on a table for~20 h until each sample reached a steam water potential of −1.4 to −2.4 MPa. The water potential of the samples was approximated from a few measurements at the beginning and end of the experiment from the third sample with a foliage-bearing side twig with a pressure bomb (PMS Instrument Company Model 1000, Albany, USA). The side twig was sealed in plastic to avoid transpiration from the foliage and equilibrate in water potential with the stem. Xylem diameter changes were measured during dehydration.
Freezing experiment
The aim was to compare the responses of xylem diameter to decreasing apoplastic water potential created by freezing stress with control samples and heated samples. The experiments were conducted in a climate chamber (Weiss Umwelttechnik; WK11 −340/40, Vienna, Austria). The branches were recut under water into 15-cm-long branch sections without side branches or foliage. Temperature inside the climate chamber was decreased from +10 to −10°C in 40 min while the xylem diameter was measured. Thermocouples (T-type) were measuring xylem temperature below the bark and ambient temperature within the climate chamber.
Xylem diameter change measurements
Xylem diameter variations were measured with linear displacement transducers (model AX/5.0/S; Solartron, West Sussex, UK) installed on metal frames attached to the branches (see Lindfors et al. 2015) . The bark, including phloem and cambium, was locally removed with a surgical knife where the sensor rested against the xylem. The effect of thermal expansion of the frames on the branch diameter measurements was tested by replacing the sample branch with a glass pole: the thermal expansion of the frame was taken into account in the freezing experiment. Xylem diameter change during the study was expressed as the diameter change (ΔD) divided by the initial diameter (D) to be able to compare the results among different sized samples. To further compare the results among different experiments with various apoplastic water potential changes (Ψ, the unit being MPa), we introduced a parameter indicating the apparent elastic modulus, E app :
The use of the widely known parameter, the volumetric elastic modulus (E; e.g., Steudle et al. 1977) , was avoided since we are extending the measurements also to freezing conditions where the interpretation of tissue diameter changes to indicate solely elastic properties of the cells would be misleading due to the presence of ice.
Time constant of xylem shrinkage
To better understand the movement of water from the intracellular spaces to the apoplast, we calculated the time constant (τ) for the xylem shrinkage in the control branches in response to osmotic stress and freezing. The time constant was not calculated for the desiccation experiment, because we did not have continuous measurements of apoplastic water potential during desiccation. The time constant is defined as the time required for the xylem to shrink to 63.2% of its steady-state value in response to a step change in apoplastic water potential. Since the apoplastic water potential did not change in a stepwise manner, the time constant was calculated using a model described in detail in the Supplementary Data at Tree Physiology Online. The principle is that the water potential of the symplast tends towards equilibrium with the water potential in the apoplast with a rate that is proportional to the resistance to water exchange and tissue elasticity, i.e., the time constant. Water potential of the symplast consists of osmotic and turgor pressure of the symplast, and we assume that the xylem diameter is proportional to the latter with a magnitude proportional to tissue elasticity while osmotic concentration remains constant. We fitted different values for τ and E app with an algorithm to maximize the r 2 between the modelled and measured time series of xylem diameter change.
Statistical analysis
General linear modelling and Tukey's T-test were used to analyse the effect of experiment and species on E app across the control branch data, the effect of the heating treatment and species on ΔD D −1 in each experiment and the effect of species on τ for control branch data in osmotic stress and freezing experiments. Statistical significance was determined with a P-value <0.05.
Results
Both species responded to increased apoplastic sap osmolality with xylem shrinkage (Figure 1 ). Pinus sylvestris shrank more than P. tremula (P = 0.0202, Figure 1 ). The degree of shrinkage also responded to the strength of the osmotic stress when tested with P. tremula (Figure 1 ). The heating pretreatment decreased tissue shrinkage during osmotic stress (P < 0.0001) to a negligible level (Figure 1 ). Branches of both species responded to decreased water potential by xylem shrinkage in the desiccation experiment (Figure 2 ). Pinus sylvestris shrank more than P. tremula (P = 0.0031). Xylem shrinkage was dominated by water tensioninduced shrinkage of tracheids in P. sylvestris as shrinkage of heated branches represented two-thirds of the shrinkage of control branches, whereas shrinkage of parenchyma dominated xylem shrinkage in P. tremula (Figure 2 ). Xylem shrinkage was not significantly reduced by the heating pretreatment in response to desiccation stress (Figure 2) .
Apoplastic freezing caused xylem shrinkage in both species, but P. tremula shrank more than P. sylvestris (P < 0.0001, Tree Physiology Volume 37, 2017 Figure 3 ). The heating pretreatment clearly decreased shrinkage (P = 0.0008); heated branches of P. sylvestris responded to apoplastic freezing by swelling (Figure 3) .
The apparent elastic modulus of control branches was higher in response to freezing than it was in response to osmotic stress (P = 0.028) or desiccation (P = 0.020), whereas no statistically significant difference in E app was found between the two latter experiment types (Table 1) .
The fit (r 2 ) between the modelled and the measured time series of xylem diameter change in response to the change in apoplastic water potential was 0.98-1.0 and 0.79-0.99 for P. sylvestris and P. tremula, respectively, in the osmotic stress experiment. Similarly in the freezing experiment, the fit was 0.85-0.97 and 0.96-0.99 for P. sylvestris and P. tremula, respectively (Figure 4) . The time constant was on average 84 (standard error (SE) ± 23) and 11 (SE ± 1) min in the osmotic stress experiment and 2 (SE ± 1) and 6 (SE ± 1) min in the freezing experiment for P. sylvestris and P. tremula, respectively. Populus tremula had lower τ in osmotic stress experiment (P = 0.0027), whereas there was no statistically significant difference between the species in the freezing experiment.
Discussion
Xylem diameter is known to change diurnally in response to tree water status (e.g. Irvine and Grace 1997, Sevanto et al. 2002, Figure 1 . Averaged time series of xylem diameter change (expressed as ratio of diameter change and initial diameter) for control and heated branches of (A) Pinus sylvestris and (B) Populus tremula together with xylem sap osmolality. Xylem sap osmolality of all branches was manipulated by running D-mannitol through the samples. In (B), control branches with higher rate of D-mannitol perfusion (black) are denoted with blue and control branches with lower rate of D-mannitol perfusion (blue) with black colour. Osmolality of 1.0 mol kg −1 creates osmotic potential of~2.5 MPa. Dashed lines denote standard error of xylem diameter change between repetitions. n = 3 for heated and control P. sylvestris branches, n = 4 for heated P. tremula branches, n = 4 for control branches with higher perfusion rate and n = 3 for control branches with lower perfusion rate.
Tree Physiology Online at http://www.treephys.oxfordjournals.org 2011, Mencuccini et al. 2013) . Xylem diameter shrinkage in response to desiccation involves two different processes: water tension-induced shrinkage of conduits and shrinkage of xylem parenchyma (Rosner et al. 2009 , Zweifel et al. 2014 . Here, we recognized for the first time parenchyma-related xylem diameter changes in response to decreased apoplastic water potential caused by decreased osmotic pressure, decreased xylem hydrostatic pressure and decreased water potential of extracellular ice. It was shown that xylem tissue in control samples shrank significantly more in response to decreased apoplastic water potential during osmotic stress and freezing in comparison with the samples that were heated in a pretreatment to damage the living xylem parenchyma. By manipulating the osmotic pressure of the xylem sap, we observed xylem shrinkage due to decreased apoplastic water potential even in the absence of water tensions within the conduits.
Our results were consistent with the previous studies showing that xylem shrinks during freezing (e.g. Fujikawa and Kuroda 2000 , Charra-Vaskou et al. 2015 . This shrinkage was~0.5% and 1.0% of initial xylem diameter in P. sylvestris and P. tremula, respectively. Freezing-induced shrinkage of xylem can be caused by physical shrinkage of cell walls in frozen tissues and by shrinkage of xylem parenchyma due to extracellular freezing (Kubler 1983 , Sakai and Larcher 1987 , Zweifel and Häsler 2000 , Charra-Vaskou et al. 2015 . Our interpretation of the main cause of xylem shrinkage is shrinkage of the xylem parenchyma tissue; samples with functioning xylem parenchyma shrank, whereas samples with damaged xylem parenchyma swelled in the case of P. sylvestris and shrank only slightly in the case of P. tremula. Similarly, Améglio et al. (2001) showed that when the bark of walnut trees was autoclaved, no shrinking of bark occurred, but instead swelling was observed because the phase change of liquid water into ice increases water volume by~9%.
We observed more xylem shrinkage at given apoplastic water potential during the osmotic stress and desiccation experiments than during the freezing experiment. Low shrinkage per change in apoplastic water potential in the freezing experiment may be explained by the two phenomena that affect xylem volume simultaneously during freezing: shrinkage of living tissue and expansion of apoplastic ice due to the phase change of water from liquid to solid . Also, water extracted from the living tissue cannot escape from the apoplast with transpiration stream in the presence of apoplastic ice as it can in the case of desiccation and osmotic stress. In addition, Steppe et al. (2012) have shown that whole-stem diameter change is dependent on temperature as Juglans regia clearly shrank more at +30 than at +1°C in response to osmotic stress, indicating that some other temperature-dependent factor affecting the amount of tissue shrinkage may exist.
Control branches responded to decreased apoplastic water potential caused by osmotic stress or apoplastic ice by higher shrinkage than heated branches, whereas the difference between control and heated branches was not statistically significant when decrease in water potential was caused by desiccation. This may be explained by the absence of water tensioninduced shrinkage of xylem conduits during osmotic stress and freezing, whereas both water tension-induced shrinkage of xylem conduits and shrinkage of xylem parenchyma cells contribute to xylem diameter changes during desiccation (Irvine and Grace 1997 ,Ĉermák et al. 2007 , Rosner et al. 2009 ), while the water tension-induced shrinkage is not affected by the heating pretreatment.
The osmotic experiment provides the best insight out of the three experiments into the dehydration of parenchyma cells. Unlike the other two experiments, the presence of neither swelling of ice nor water tension-induced conduit shrinkage interferes with the interpretation, which can be seen as negligible xylem shrinkage in dead branches. The osmotic stress experiment also eliminates the possible effect of embolism formation within xylem conduits on xylem diameter change as the xylem sap is under positive pressure and thus unable to form embolisms. During embolism formation, xylem conduits release their water content while becoming air-filled, which could temporarily raise the pressure (and thus diameter) of the surrounding tissue (Hölttä et al. 2012 , Rosner et al. 2009 ).
The time constant (τ) of xylem shrinkage was over 40 times and 2 times larger during osmotic stress in comparison with freezing in P. sylvestris and P. tremula, respectively. Previous studies (Génard et al. 2001 , Sevanto et al. 2011 , Steppe et al. 2012 , Mencuccini et al. 2013 have shown that the time lag between diurnal phloem and xylem diameter changes is of similar magnitude (~1-5 h) to the time constant of xylem diameter change in our osmotic stress experiment (0.2-1.3 h in P. sylvestris and P. tremula), when it is considered that the water exchange distance via xylem rays between the phloem and the xylem is longer than the distance between the symplast and the apoplast of xylem. However, the time constant of xylem shrinkage in the freezing experiment was extremely low.
When modelling τ, we assumed that the loss of xylem volume is proportional to the decrease in water content of the xylem parenchyma cells. This may be not entirely true in the case of freezing. Xylem diameter dynamics in the freezing experiment are a combined result of cell shrinkage and expansion of ice as discussed above, but this should rather increase τ in comparison Figure 3 . Averaged time series of xylem diameter change (expressed as ratio of diameter change and initial diameter) for (A) Pinus sylvestris and (B) Populus tremula branches together with xylem and ambient temperatures during the freezing experiments. Freezing occurs at time 0 on the x-axis. The timing and duration of ice propagation can be seen as a freezing exotherm, i.e., clear difference between xylem and ambient air temperatures due to the energy released from freezing. Dashed lines denote standard error between repetitions. n = 4 for heated and n = 6 for control branches of P. sylvestris, and n = 3 for heated and n = 4 for control branches of P. tremula.
Tree Physiology Online at http://www.treephys.oxfordjournals.org with osmotic stress experiment as the shrinking rate of xylem is decreased during ice propagation (i.e., during the exotherm) because of the expansion of the ice. All the samples in this study were collected during winter months and can thus be assumed to be winter-acclimated. Therefore, the observed difference in τ between osmotic and freezing stressed branches cannot be explained by the season-related differences in cell membrane properties (Thomashow 1998 , 1999 , Uemura and Steponkus 2003 , Bohn et al. 2006 , Uemura et al. 2006 ). The results suggest that either osmotic regulation might decrease the rate of xylem parenchyma-caused shrinkage in the osmotic stress experiment or there is some unknown mechanism that enhances water movement between the xylem parenchyma and the apoplast in the presence of apoplastic ice or low temperature. Such a mechanism could be, e.g., pectin-related changes in the permeability and porosity of pit membranes that connect xylem parenchyma to the apoplast. It has been shown for Prinus persica that when the functioning of pectin is disturbed chemically during a freeze-thaw cycle, the xylem parenchyma cells freeze intracellularly at a higher temperature and distinct swelling and partial degradation is visible in the xylem parenchyma pit membranes (Wisniewski et al. 1991) . Either way, extraction of water from the xylem parenchyma during freezing stress is vital for branches to avoid lethal symplastic freezing of cells (e.g. Burke et al. 1976) .
The amount of water stored elastically in the xylem parenchyma is an important reservoir for trees to buffer daily fluctuations to maintain constant water relations (Ĉermák et al. 2007) . If the xylem water potential of a pine tree decreases diurnally by 1 MPa on a summer day, the xylem will shrink~1% of its diameter (Figure 2 ). This decrease in diameter corresponds to a release of 2% of the total water volume in the xylem, assuming that the geometrical change in xylem volume corresponds to the change in xylem water volume (see Supplementary Data at Tree Figure 4 . Example time series of measured and modelled xylem diameter change (expressed as ratio of diameter change and initial diameter) together with sap osmolality (A, B) and xylem temperature (C, D) for control branches of Pinus sylvestris and Populus tremula. The modelled diameter change in the osmotic stress (A, B) and freezing (C, D) experiments is modelled with the best fit time constant (τ) and apparent elastic modulus (E app ) assuming that the water potential of the apoplast is equal to the instantaneous water potential of ice at the stem temperature measured. The absolute range of diameter change in (A-D) ranges between 0.08 and 0.14 mm.
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Physiology Online for calculation). If we further assume that a 15-m-high and 20 cm diameter (at breast height) pine tree transpires 10% of its xylem water content daily (Mencuccini and Grace 1996) , the amount of water released from the xylem covers onefifth of its water reservoirs for daily transpiration. This is assuming that the relative shrinkage measured for small branches represents the elasticity of the whole stem. However, the xylem closer to the tree base shrinks by an order of magnitude less than the xylem located in the upper canopy (Perämäki et al. 2001 (Perämäki et al. ,Ĉermák et al. 2007 . This is likely due to less elastic xylem (smaller volume percentage of parenchyma tissue) and lower diurnal water potential fluctuation at the base. It is an advantage for a tree to have the water storages near the transpiring foliage area, where the stored water can be accessed easily.
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